Introduction
============

Graves\' ophthalmopathy (GO) is an inflammatory autoimmune disorder involving the fatty connective tissue and the extraocular muscles within the bony orbit ([@bib1]). Many of the signs and symptoms of GO, including proptosis and ocular congestion, result from expansion of these tissues. While striking enlargement of the extraocular muscles is evident in some patients, and in others expanded volume of the orbital adipose tissue predominates, the majority of patients show expansion of both tissues ([@bib8]). While the enlargement of the extraocular muscles is caused by an accumulation of hydrophilic hyaluronan between the muscle fibers ([@bib24]), the expanded orbital adipose tissue volume is thought to be due to both enhanced adipogenesis and the accumulation of hyaluronan within these tissues ([@bib14]). The formation of new fat cells within the orbit suggests that resident preadipocytes are stimulated by some GO-specific factor to undergo adipocyte differentiation. Preadipocytes are a subpopulation (15--20%) of fibroblasts cultured from the orbital adipose/connective tissues capable of differentiating into mature adipocytes ([@bib14]).

GO is closely associated with Graves\' hyperthyroidism, a condition in which overproduction of thyroid hormones by thyroid follicular cells is stimulated by TSH receptor (TSHR) autoantibodies (TRAb). TSHR mRNA and protein are detectable in both normal and GO orbital adipose tissues ([@bib7], [@bib11], [@bib16], [@bib3]), with the highest levels found in orbits of GO patients having active disease ([@bib26]). Furthermore, levels of circulating TRAb correlate with the clinical activity of the disease ([@bib9]) and predict disease severity ([@bib5]). Due to the close clinical relationships between Graves\' hyperthyroidism and GO, and the presence of TSHR in orbital tissues, it has been hypothesized that circulating TRAb in Graves\' disease target TSHR within the orbit and stimulate some of the histopathological changes characteristic of the disease.

Most of the activities of the TSHR in thyrocytes are mediated through the Gs protein subunit, activating the adenylyl cyclase/cAMP signaling cascade ([@bib12]). However, both TSH and some TRAb activate a cAMP-independent cascade that increases phosphoinositide 3-kinase (PI3K) activity with the subsequent phosphorylation of AKT ([@bib28], [@bib17]), a signaling pathway that plays a central role in adipocyte differentiation ([@bib27]). We undertook this study to determine whether M22, a high-affinity human monoclonal IgG1 λ-chain stimulatory antibody directed against a conformational TSHR epitope ([@bib20], [@bib21]), or TSH stimulates adipogenesis in orbital preadipocytes from patients with GO. We additionally studied the engagement of the adenylyl cyclase and PI3K signaling cascades in orbital preadipocytes to better understand the signaling mechanisms that might be involved and exploited to develop new therapeutic strategies for patients with GO.

Materials and methods
=====================

Cell cultures
-------------

Orbital adipose tissue specimens were obtained from euthyroid patients during the course of orbital decompression surgery for severe GO. The study was approved by the Mayo Clinic Institutional Review Board and carried out according to IRB guidelines. The orbital adipose/connective tissue specimens were transported to the laboratory, minced, and placed directly in plastic culture dishes, allowing fibroblasts to proliferate as described previously ([@bib2]). Briefly, cells were propagated in medium 199 containing 20% fetal bovine serum (FBS; HyClone Laboratories, Inc., Logan, UT, USA), penicillin (100 U/ml), and gentamycin (20 μg/ml) in a humidified 5% CO~2~ incubator at 37 °C, and maintained in 75 mm^2^ flasks with medium 199 containing 10% FBS and antibiotics.

Some studies were performed to determine the impact on adipogenesis of M22, a stimulatory TRAb derived from a patient with Graves\' hyperthyroidism (M22; Kronus, Boise, ID, USA; \# M22-1b; ([@bib20], [@bib21]), bovine TSH (Sigma Aldrich Co.; \# T-8931), or the insulin-like growth factor 1 (IGF1) analog, Des 1,3 (GroPep, Thebarton, Australia). For these studies, confluent orbital fibroblasts were treated for 10 days with bovine TSH (0·1--10·0 U/l and 1·7--170 nM), M22 (0·1--100 ng/ml and 0·67--670 pM), and IGF1 (Des 1,3 analog; 10 ng/ml; used as a positive control for adipogenesis), or were untreated and cultured in adipocyte differentiation medium (without insulin) consisting of serum-free DMEM/Ham\'s F-12 medium (1:1; Sigma) supplemented with biotin (33 μM), pantothenic acid (17 μM), transferrin (10 μg/ml), tri-iodothyronine (T~3~) (0·2 nM), carbaprostacyclin (cPGI~2~; 0·2 μM; Calbiochem, La Jolla, CA, USA), and, for the first 4 days only, dexamethasone (1 μM) and isobutylmethylxanthine (IBMX; 0·1 mM). The media were replaced every 3--4 days during the 10-day differentiation period. Following the 10-day differentiation period, cells were harvested and total RNA was isolated for RT-PCR analysis of adipocyte-related genes.

In other experiments to assess the role of PI3K or cAMP signaling in M22- or TSH-mediated adipogenesis, confluent orbital fibroblasts were cultured for 10 days in insulin-free adipocyte differentiation medium (as mentioned above) containing the same treatments as described earlier. In addition, some of the wells were treated with the PI3K inhibitor LY294002 (10 or 50 μM) throughout the 10-day differentiation period. To determine whether insulin treatment might enhance adipogenesis in M22-, TSH-, or IGF1-treated cells, insulin (1 μM) was added to some of the wells. Following the 10-day differentiation period, cells were harvested and total RNA was isolated for RT-PCR analysis of adipocyte-related genes.

For studies aimed at investigating the role of PI3K or cAMP in M22 or TSH signaling (apart from their impact on adipogenesis), orbital fibroblasts were plated in 96-well dishes and grown to confluence in the culture medium as described earlier. In order to synchronize the signaling event, cells were subsequently serum and nutrient starved for 24 h. Experiments were carried out for between 1 and 30 min in insulin-free adipocyte differentiation medium. Cells received either no treatment (negative control), bovine TSH (0·1--10·0 U/l and 1·7--170 nM) or M22 (0·1--100 ng/ml and 0·67--670 pM). In addition, some of the wells were treated with LY294002 (50 μM; SABiosciences; Fresdrick, MD, USA), a specific inhibitor of PI3K, an enzyme required for AKT phosphorylation or a cAMP-dependent protein kinase peptide inhibitor (10 μM; PKA \#V5681; Promega), an inhibitor of cAMP production. At the end of the treatment periods, cells or supernatants were collected for the measurement of AKT phosphorylation or cAMP production.

Real-time RT-PCR analyses
-------------------------

Total RNA was isolated from orbital cultures by the RNeasy kit (Qiagen) according to the manufacturer\'s protocol. cDNA was synthesized using 750 ng total RNA incubated with random hexamers, followed by reverse transcription reaction in a 100 μl reaction volume with 6·25 units of Multiscribe Reverse Transcriptase (Applied Biosystems, Foster City, CA, USA). The conditions used were 25 °C for 10 min, 37 °C for 60 min, and 95 °C for 5 min.

Oligonucleotide primers and TaqMan probes for *TSHR* and *GAPDH*, and genes encoding the adipocyte markers adiponectin (an adipocytokine exclusively expressed and secreted by adipose tissue) and leptin (synthesized and secreted primarily by adipocytes) were purchased from Applied Biosystems. Expression of *GAPDH* was used to correct for differences in the amount of total RNA added to a reaction and to compensate for different levels of inhibition during reverse transcription of RNA and during PCR.

Quantitative PCR was performed in a 96-well optical reaction plate. Amplification reactions contained cDNA equivalent of 5 ng total RNA, 900 nM forward and reverse primers, and 250 nM probes in a volume of 25 μl using the Universal TaqMan 2X PCR Master mix (Applied Biosystems). Reaction mixture, without the cDNA, was used as no template control. The thermal cycling conditions used were 2 min at 50 °C for optimal AmpErase UNG activity, 10 min at 95 °C to activate Amplitaq Gold DNA Polymerase, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. The target genes and *GAPDH* were amplified in separate wells. All reactions were performed in duplicate in the ABI PRISM 7700 Sequence Detector (Applied Biosystems), and the data were pooled. The standard curve method was used to quantify the expression of the various genes and *GAPDH* rRNA in each sample. For each experimental sample, a gene was considered not to be expressed if amplification was not detected by cycle 40. The normalized results were expressed as the ratio of RNA (pg) of the target gene to RNA (pg) of *GAPDH* rRNA. The expression level of each mRNA species in the GO cell cultures was compared with that ins untreated parallel cultures and expressed as fold increase relative to control levels.

Measurement of AKT phosphorylation by ELISA
-------------------------------------------

AKT protein phosphorylation induced by M22 or TSH treatment of orbital cells was measured using a commercial Cellular Activation of Signaling ELISA (CASE) kit (AKT S473 (FE-001); SABiosciences Corp.). This cell-based ELISA kit quantifies the amount of activated (phosphorylated serine 473) AKT (phosphorylated AKT, pAKT) protein relative to total AKT protein. Results are expressed as fold increase in pAKT protein relative to parallel untreated cultures.

Western blotting
----------------

In order to assess AKT and pAKT protein levels in M22-treated cells, confluent orbital fibroblasts were exposed for 60 min to M22 (10 ng/ml), LY294002 (50 μM), M22 plus LY294002, or no treatment. In other experiments designed to study the role of PI3K signaling in M22-mediated adipogenesis, confluent orbital fibroblasts were cultured for 10 days in insulin-free adipocyte differentiation medium containing M22 (10 ng/ml), LY294002 (10 μM), M22 plus LY294002, or no treatment. Cell protein was extracted using the complete lysis-M, EDTA free protocol to extract total cytoplasmic and nuclear protein (Roche \# 04719964 001). Extracts were subjected to electrophoresis on 4--12% Bis--Tris gel, electrotransferred to polyvinylidene fluoride membrane, and blotted with primary antibody against pAKT, AKT, adiponectin, CCAAT/enhancer-binding protein α (C/EBPα; Cell Signaling Technology, Danvers, MA, USA; \# 9271S, 9272, 2789, 2295 respectively), or GAPDH at 1:1000 dilution. The appropriate secondary IgG-HRP-linked conjugate (Cell Signaling, \# 7074) at 1:2000 dilution was applied, followed by enhanced chemiluminescence detection.

Measurement of cAMP production
------------------------------

Levels of cAMP were measured by Cyclic-AMP Assay (R&D Systems, Minneapolis, MN, USA; \#KGE002B) using a polyclonal antibody that competitively bound cAMP in the standards or sample supernates. Results are expressed as fold increase in cAMP production relative to parallel untreated cultures.

Statistical analyses
--------------------

The paired *t*-test was used to evaluate the significance of differences in means for continuous variables, with values presented as the mean±[s.d]{.smallcaps}. The Mann--Whitney Rank Sum test was used to assess differences between the groups. A *P* value of ≤0·05 was considered to be statistically significant.

Results
=======

M22 and TSH enhance adipogenesis in GO orbital cultures
-------------------------------------------------------

Treatment of GO orbital cultures (*n*=10) with M22 (1·0 or 10 ng/ml) during culture for 10 days in insulin-free differentiation medium resulted in increased adiponectin mRNA levels relative to control cultures at 10 ng/ml (2·6±0·7-fold; *P*=0·03), with M22 at 1·0 ng/ml not reaching significance (*P*=0·24; [Fig. 1A](#fig1){ref-type="fig"}). Treatment with TSH (1 or 10 U/l) resulted in increased adiponectin mRNA levels at both doses (1 U/l TSH=9·5±5·0-fold, *P*=0·023; 10 U/l TSH=13·2±5·8-fold, *P*=0·048; [Fig. 1A](#fig1){ref-type="fig"}). Positive control cultures containing IGF1 (Des 1,3 analog; 10 nM) showed elevated levels of adiponectin mRNA (152·4±63·4-fold, *P*=0·025; [Fig. 1A](#fig1){ref-type="fig"}). Levels of leptin mRNA were also increased following treatment with M22 (1 ng/ml=1·8±0·2-fold, *P*=0·002; 10 ng/ml=3·4-fold±0·6, *P*=0·001), TSH (1 U/l=7·8±2·4-fold, *P*=0·019; 10 U/l=7·9±2·0-fold, *P*=0·007), or the IGF1 analog (11·7±3·6-fold, *P*=0·015; [Fig. 1B](#fig1){ref-type="fig"}). Similarly, *TSHR* mRNA levels were elevated in cultures treated with M22 (1 ng/ml=3·6±0·4-fold, *P*\<0·001; 10 ng/ml=3·5±0·8-fold, *P*=0·007), TSH (1 U/l=1·8±0·4-fold, *P*=0·078; 10 U/l=3·2±0·7-fold, *P*=0·008), and IGF1 analog (8·5±1·8-fold, *P*=0·001; [Fig. 1C](#fig1){ref-type="fig"}). Finally, while we found that the addition of insulin (1 μM) to M22- or TSH-treated cultures and control cultures enhanced the overall magnitude of adipogenesis in all cultures, the fold increase in adipogenesis was not different from that found in insulin-free cultures (data not shown).

Visual inspection of cells cultured for 10 days in insulin-free adipocyte differentiation medium and stained with oil red-O revealed clearly increased staining in IGF1 (Des 1,3 analog)-treated orbital cultures ([Fig. 2A](#fig2){ref-type="fig"}) compared with control cultures ([Fig. 2B](#fig2){ref-type="fig"}). In cultures treated with either M22 (10 ng/ml) or TSH (10 U/l), small foci of increased oil red-O staining were apparent on visual inspection ([Fig. 2C](#fig2){ref-type="fig"} and D respectively).

M22 and TSH stimulate dose- and time-dependent increases in AKT protein phosphorylation
---------------------------------------------------------------------------------------

GO orbital fibroblast cultures (*n*=8) treated with M22 (0·1--100 ng/ml) or TSH (0·001--10 U/l) for 5 min showed a dose-dependent increase in pAKT (assessed using an ELISA) that was significant compared with parallel control cultures beginning at 0·1 ng/ml for M22 and at 0·1 U/l for TSH ([Fig. 3](#fig3){ref-type="fig"}). In addition, treatment of orbital cultures (*n*=8) for 1, 5, 10, or 30 min with either M22 (5 ng/ml) or TSH (10 U/l) showed a time-dependent increase in pAKT protein that was significant at each time point for each treatment compared with parallel control cultures ([Fig. 4](#fig4){ref-type="fig"}).

M22-stimulated increase in AKT protein phosphorylation is inhibited by a specific PI3K inhibitor
------------------------------------------------------------------------------------------------

Treatment of GO orbital fibroblast cultures (*n*=8) for 1, 5, 10, or 30 min with M22 (5 ng/ml) in combination with the specific PI3K inhibitor LY294002 (50 μM) showed decreased pAKT protein levels at each time point relative to cultures treated with M22 alone, reaching significance at 30 min ([Fig. 4](#fig4){ref-type="fig"}). While there was a trend toward decreased pAKT protein levels in TSH-treated cultures exposed to LY294002 compared with those treated with TSH alone, this did not reach significance. Western blotting of protein extracts from GO orbital fibroblast cultures (*n*=2) treated for 60 min with M22 (5 ng/ml), M22 plus LY294002, or LY294002 alone showed increased AKT phosphorylation in cultures treated with M22 alone and inhibition of this effect in cells treated with both M22 and LY294002 ([Fig. 5](#fig5){ref-type="fig"}). To demonstrate specificity of the LY294002 effect, [Fig. 5](#fig5){ref-type="fig"} shows increased AKT phosphorylation in cells treated for 60 min with IGF1 (Des 1,3 analog; 10 ng/ml) and inhibition of this effect in cells treated with both IGF1 and LY294002.

M22-enhanced adipogenesis is inhibited by a specific PI3K inhibitor
-------------------------------------------------------------------

We found a decrease in adiponectin mRNA levels in orbital cultures (*n*=4) treated during the entire 10-day differentiation period with both M22 (10 ng/ml) and LY294002 (50 μM) compared with cultures treated with M22 alone (67±12·2%, *P*=0·021; [Fig. 6](#fig6){ref-type="fig"}). At the same time, levels of the housekeeping gene *GAPDH* did not change during the 10-day incubation period in either set of cultures, remaining at ∼19 cycles throughout. In other experiments, cultures treated with both M22 and LY294002 showed levels of adiponectin mRNA that were approximately tenfold than those found in cultures treated with LY294002 alone (data not shown). While cultures treated with both TSH (10 U/l) and LY294002 showed a trend toward diminished adiponectin mRNA levels compared with TSH-treated cultures, this did not reach significance (42·7±6·0%).

We also found a decrease in protein levels for adiponectin (an adipocyte-specific protein) and C/EBPα (an adipocyte-related protein) in cultures treated during the entire 10-day differentiation period with both M22 (10 ng/ml) and LY294002 (at the lower dose of 10 μM) compared with cultures treated with M22 alone ([Fig. 7](#fig7){ref-type="fig"}). These studies also demonstrated an increase in both adiponectin and C/EBPα protein levels in M22-treated cultures compared with untreated cultures, confirming the stimulation of adipogenesis by M22 on the protein level ([Fig. 7](#fig7){ref-type="fig"}).

Both M22 and TSH stimulate cAMP production
------------------------------------------

GO orbital fibroblast cultures (*n*=8) treated for between 1 and 30 min with M22 (0·1--100 ng/ml; equivalent to 0·001--1 μg/ml) or bovine TSH (0·01--10 U/l) showed a dose-dependent increase in cAMP production that was significant for M22 at 10 ng/ml and for TSH at 1 U/l (data not shown). In addition, treatment of cultures for 1, 5, 10, or 30 min with M22 (100 ng/ml) or TSH (10 U/l) showed a time-dependent increase in cAMP production (data not shown). While there was a trend toward decreased adiponectin mRNA levels in cultures treated for 10 days with either M22 or TSH and the cAMP-dependent protein kinase peptide inhibitor PKA \#V5681 (44±8 and 24±7% respectively), this did not reach significance (data not shown).

Discussion
==========

M22 is a potent stimulatory human monoclonal autoantibody to TSHR that also possesses powerful TSH-binding inhibiting activity ([@bib20], [@bib21]). Our finding that this antibody is capable of enhancing adipocyte differentiation in cultured human orbital fibroblast cultures (containing ∼15--20% preadipocytes, defined as cells capable of differentiating into mature adipocytes) is, to our knowledge, the first demonstration of an autoantibody being pro-adipogenic in any cell system. That TSH is a pro-adipogenic factor in the conversion of mouse embryonic stem cells into adipocytes has been reported by [@bib15]. These investigators found that treatment with TSH (1 U/l) increased adipogenesis in the absence of the adipogenic factors insulin, T~3~, and the peroxisome proliferator-activated receptor-γ (PPARγ) agonist rosiglitazone. They found elevated levels of mRNA encoding early to intermediate adipocyte marker genes, including *C/EBPβ* and *PPARγ* but did not measure genes associated with terminal adipocyte differentiation. However, they demonstrated a time-dependent increase in lipid accumulation (oil red-O staining of lipid droplets) in these cells, suggesting that terminal differentiation was complete. They also found an increase in *TSHR* mRNA and immunofluorescent protein expression in embryonic cells containing lipid droplets, as well as an increase in TSH-stimulated cAMP production, as was reported in earlier studies showing enhanced TSHR expression in differentiated orbital adipocytes ([@bib25], [@bib4]). Our studies were performed in culture medium that also did not contain insulin. However, in contrast to the studies by Lu & Lin, our cultures did contain T~3~ and IBMX because we have been unable to detect adipogenesis in M22- or TSH-treated cultures in the absence of these adipogenic factors. This suggests that while M22 and TSH are pro-adipogenic factors in our system, they require the presence of cAMP and other factors to activate the process.

In a study by [@bib29], activation of TSHR by introduction of an activating mutant receptor into human orbital preadipocytes using retroviral vectors resulted in an increase in early adipocyte differentiation, as demonstrated by two- to eightfold elevations in levels of the early to intermediate markers, *C/EBPβ* and *PPARγ*. In these studies, levels of mRNA encoding lipoprotein lipase (LPL; a late adipocyte marker) were at the limit of detection. Expression of the activating TSHR also produced a two- to sixfold increase in basal cAMP levels and 4- to 16-fold cAMP elevation in TSH-treated cells. While no obvious oil red-O staining was apparent on visualization in mutant or WT TSHR-expressing orbital cells, quantitation revealed measurable staining with somewhat higher levels in the mutant *TSHR* than in the WT-TSHR-transfected cells. However, while the basal lipid content of activated cells was higher, it failed to increase in response to a PPARγ agonist, suggesting that TSHR activation renders these transfected cells refractory to PPARγ-induced adipogenesis. Furthermore, while the mutant TSHR-containing cultures subjected to adipocyte differentiation medium for 10 days showed somewhat elevated levels of early and intermediate stages of adipocyte differentiation compared with the WT-TSHR-transfected cells, they failed to show elevated levels of LPL.

In our studies, in contrast to those of [@bib29], we found clusters of lipid-containing vacuoles, evidence of late-adipocyte gene expression (increased levels of adiponectin, leptin, and *TSHR* mRNA) in our cultures treated with either M22 or TSH, suggesting the presence of mature adipocytes. Differences found in the extent of adipogenesis between our TSH- or M22-stimulated cells and the TSHR-transfected orbital preadipocytes used in the Zhang study may be explained by changes in the adipogenic potential of the latter cells owing to the transfection itself, rendering them refractory to PPARγ activation and thus unable to differentiate into mature fat cells. In a subsequent study using the same system, [@bib30] reported that Gsα (cAMP) signaling inhibits and that Gβγ (PI3K) signaling enhances the later stages of adipogenesis. As our TSH- or M22-treated cultures expressed higher levels of TSHR than untreated cultures, and undifferentiated GO orbital fibroblasts express only very low levels of TSHR ([@bib11]), it is possible that TSH and M22 act to upregulate TSHR expression, and that this in turn further increases PI3K activity and results in enhanced adipogenesis. In another study, [@bib31] found increased production of hyaluronan by their mutant TSHR-transfected GO orbital preadipocytes, as well as by GO orbital preadipocytes treated with two other TRAb (one stimulatory and the other neutral), suggesting that TSHR activation with PI3K signaling may contribute to the orbital accumulation of hyaluronan observed in GO.

In a recent study characterizing TRAb-induced signaling cascades, [@bib17] have assessed the interaction of M22 with the TSHR in the Fisher Rat Thyroid cell Line (FRTL-5). They demonstrated 1·5- to 2·5-fold stimulation of cAMP as well as dose- and time-dependent increases in pAKT in FRTL-5 cells treated with either M22 or bovine TSH. While our findings are similar and the bovine TSH doses we used were comparable, our doses of M22 were 10- to 100-fold lower. Therefore, it appears that GO orbital preadipocytes and FRTL-5 cells are similarly sensitive to TSH or M22 in terms of enhanced cAMP production and to TSH in its augmentation of pAKT levels. However, our results suggest that orbital preadipocytes may be more sensitive to the effect of M22 on pAKT levels than are FRTL-5 cells.

The differentiation of precursor cells (preadipocytes) into mature adipocytes is controlled by a complex network of signaling pathways, closely regulated by transcription factors, including members of the C/EBP and PPAR families ([@bib19]). The initiation of adipocyte differentiation appears to require cAMP, which generally functions through the classical protein kinase A pathway to phosphorylate and activate key regulatory transcription factors ([@bib6]). Terminal adipocyte differentiation is promoted by the activity of several kinases, particularly kinases of the PI3K/AKT pathway and those activating p38 mitogen-activated protein kinases ([@bib13]), and results in the synthesis of adipocyte-secreted products, including adiponectin (the most abundant transcript in human adipose tissue) and leptin ([@bib10]).

We found that treatment of GO orbital preadipocytes with the specific PI3K inhibitor LY294002 in combination with M22 decreases the levels of adiponectin mRNA as well as of adiponectin and C/EBPα protein compared with cultures treated with M22 alone. While there was a similar trend observed in TSH-treated cultures, this did not reach significance. These findings suggest that the observed stimulatory effect of M22 on adipogenesis in these cells may involve the PI3K pathway. However, because inhibition of adipogenesis by LY294002 was not complete and cultures treated with the cAMP-dependent protein kinase peptide inhibitor also showed some degree of inhibition (albeit not significant in magnitude), it is likely that the cAMP pathway also plays a role in adipogenesis in these cells.

AKT is an important mediator of insulin-activated IGF1 receptor (IGF1R) signaling that plays a central role in the regulation of adipocyte differentiation ([@bib27]). As expected, we found the IGF1 analog Des 1,3 to be a potent stimulator of adipogenesis in GO orbital preadipocytes. Recent studies have suggested that autoantibodies directed against the IGF1R may circulate in patients with GO, recognize the receptor on orbital preadipocytes, and initiate some of the tissue changes characteristic of the disease ([@bib23]). In addition, evidence suggests that physical and functional relationships may exist between IGF1R and TSHR in orbital fibroblasts ([@bib22]). It is therefore possible that these relationships may facilitate the engagement of the PI3K/AKT pathway by autoantibodies in GO directed against either or both of these receptors. Our results suggest, however, that stimulatory TRAb are themselves capable of enhancing orbital adipogenesis in GO without implicating the presence of autoantibodies-directed against IGF1R.

The relevance of our findings to Graves\' hyperthyroidism and GO stems from the fact that the TRAb used in these studies was a human monoclonal stimulatory TRAb ([@bib21]), while the cells were derived from the orbits of patients with GO. The overproduction of thyroid hormones by thyroid follicular epithelial cells in Graves\' disease is caused by circulating stimulatory autoantibodies targeting TSHR ([@bib18]). Although enhanced adipogenesis within the GO orbit contributes to expansion of the orbital adipose tissues and results in many of the clinical manifestations of the disease ([@bib1]), the cause of this tissue remodeling is not understood. Our finding that a TRAb stimulates human orbital preadipocytes to differentiate into mature adipocytes suggests that TSHR-directed autoantibodies in Graves\' disease may represent a link between Graves\' hyperthyroidism and its ocular manifestations.

The M22 antibody used in our studies is considered 'stimulatory', because it is similar to TSH in that it stimulates thyrocytes via Gαs-cAMP/protein kinase A/ERK-coupled signaling network. This antibody is also capable of engaging Gαq subunits in thyrocytes that activate phospholipase C ([@bib17]). Other TSHR-directed antibodies reduce TSH action at the TSHR (so called 'blocking antibodies') or have no influence on TSH binding (neutral antibodies). Some of these antibodies have recently been shown to use signaling cascades not activated by TSH ([@bib17]). We found M22 to be capable of engaging both G protein subunits in orbital fibroblasts, as evidenced by its stimulation of both cAMP production and levels of pAKT. It may be that the variable clinical manifestations of GO, and the occurrence of 'euthyroid' GO, are attributable to the activation of various signaling networks and downstream effectors in orbital fibroblasts by the stimulatory, inhibitory, and neutral TSHR antibodies known to be circulating in patients with Graves\' disease.

In conclusion, we present the novel finding that M22 is a pro-adipogenic factor in GO orbital preadipocytes, and that this occurs through PI3K pathway activation at very low concentrations of the antibody. These findings suggest a mechanism whereby particular TRAb in Graves\' disease may play a role in the development of the ocular manifestations of the disease. In addition, they point toward the PI3K signaling pathway as a potential target for novel GO therapies. Better understanding of the various signaling cascades activated by individual TRAb in GO orbital fibroblasts will improve our understanding of the development and the heterogeneous nature of the extrathyroidal manifestations of Graves\' disease, and may aid in the development of novel therapies for GO.
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![Effect of treatment with M22 (1·0 or 10 ng/ml), TSH (1 or 10 U/l), or the positive control IGF1 Des 1,3 analog (10 ng/ml) on adipogenesis of GO orbital preadipocytes (*n*=10) cultured for 10 days in insulin-free differentiation medium. Results are expressed as mean±[s.d.]{.smallcaps} fold increase (relative to control untreated cultures) in mRNA levels encoding adipocyte-associated genes; A) adiponectin; B) leptin; and C) TSH receptor. \**P*\<0·05.](JME110006f01){#fig1}

![Oil red-O staining of orbital adipocytes that were cultured for 10 days in insulin-free adipocyte differentiation medium containing A) IGF1 (Des 1,3 analog; 10 ng/ml); B) untreated; C) M22 (10 ng/ml); or D) TSH (10 U/l).](JME110006f02){#fig2}

![Effect of M22 (0·1--100 ng/ml) or TSH (0·001--10 U/l) treatment for 5 min on phosphorylated AKT (pAKT) protein levels in GO orbital fibroblast cultures (*n*=8). ELISA results are expressed as mean±[s.e.m.]{.smallcaps} fold increase in pAKT levels relative to parallel untreated cultures. \**P*\<0·05.](JME110006f03){#fig3}

![Effect of 1, 5, 10, or 30 min treatment with M22 (5 ng/ml; filled circles), TSH (10 U/l; open circles), or agent in combination with the specific PI3K inhibitor LY294002 (50 μM) on phosphorylated AKT (pAKT) protein levels in GO orbital fibroblast cultures (*n*=8). ELISA results are expressed as mean±[s.e.m.]{.smallcaps} fold increase in pAKT levels (solid lines) relative to parallel untreated cultures or to fold decrease in pAKT levels (broken lines) relative to parallel cultures treated with M22 or TSH alone. \**P*\<0·05.](JME110006f04){#fig4}

![Western blots showing total and phosphorylated AKT (pAKT) and GAPDH protein bands in confluent GO orbital fibroblast cultures exposed to the indicated treatments for 60 min. Left: 1) no treatment; 2) M22 (10 ng/ml); 3) M22 plus LY294002 (50 μM); or 4) LY294002 alone. Right: 1) no treatment; 2) IGF1 (Des 1,3 analog 10 ng/ml; 3) IGF1 plus LY294002; or 4) LY294002 alone.](JME110006f05){#fig5}

![Effect of M22 (10 ng/ml) or TSH (10 U/l) and the specific PI3K inhibitor LY294002 on adiponectin mRNA levels in GO orbital preadipocytes (*n*=8) cultured for 10 days in insulin-free differentiation medium. Results are expressed as mean±[s.d.]{.smallcaps} fold increase in adiponectin mRNA levels relative to control untreated cultures. \**P*\<0·05.](JME110006f06){#fig6}

![Western blots showing C/EBPα (top), adiponectin (middle), and GAPDH (bottom) protein bands in confluent GO orbital fibroblast cultures exposed throughout 10 days in culture to the indicated treatments. Lane 1) no treatment; 2) LY294002 (10 μM); 3) M22 (10 ng/ml); 4) M22 plus LY294002.](JME110006f07){#fig7}
